Objective: Bicuspid aortic valve anatomy is associated with ascending aortic aneurysm in approximately 50% of individuals and may lead to severe aortic regurgitation with aortic dilatation. Both entities may be treated by valve repair and root remodeling. The objective was to review the cumulative experience of 20 years.
See Editorial Commentary page S72.
Bicuspid aortic valve (BAV) anatomy is the most frequent congenital cardiovascular anomaly. 1 It has been associated with ascending aortic aneurysm in approximately 50% of affected individuals, 2, 3 which occurs in mainly 2 phenotypes. 4 It is agreed that patients are at increased risk for aortic dissection and rupture once certain diameters are exceeded, 5, 6 and thus should be treated by aortic replacement. This will often have to involve the root, at least if root diameter exceeds 45 mm. 5 Surgery may be indicated for relevant aortic regurgitation (AR) 7 and should probably include aortic replacement if there is concomitant aortic dilatation.
Traditional surgical therapy has been the composite replacement of the valve and aorta using a mechanical or biologic prosthesis. We have previously proposed root remodeling with concomitant BAV repair for this purpose. 8 Root replacement with concomitant aortic valve repair has been shown to be beneficial for patients with somewhat lesser degrees of aortic dilatation but severe AR. 9 This may
From the a Department of Thoracic and Cardiovascular Surgery, Saarland University Medical Center; and b be due to mechanical stabilization of the root in the presence of annular dilatation; remodeling also allows for changing commissural orientation into a more symmetric one. 10 Despite concerns of others over limitations of the function of a BAV, 11 we have continued to use the concept for more than 20 years with only limited technical modifications.
The objective of the current analysis was to review the cumulative experience of 20 years with this approach, focusing on late function of the aortic valve. In particular, we attempted to determine predictors for reoperation and to analyze whether suture annuloplasty or commissural orientation had an influence on late valve function.
MATERIAL AND METHODS
Of 852 individuals treated by root remodeling between November 1995 and December 2015 at Saarland University Medical Center, 357 patients were treated for aortic pathology in the presence of a BAV (Figure 1) . They are the subject of the current analysis. All patients gave their consent, and the regional ethics committee approved the study and publication of data in anonymized fashion.
The age ranged from 10 to 80 years (mean, 49 AE 13 years; median, 49 years), and 324 were male. The aortic pathology was aneurysm in 348 patients and acute aortic dissection type A in 9 patients. The degree of preoperative AR ranged from trace to IV, with relevant AR (!III) being present in 74% (Table 1 ). The primary indication for surgery was AR (n ¼ 241), aortic aneurysm (n ¼ 102), acute dissection (n ¼ 9), coronary artery disease (n ¼ 3), mitral regurgitation (n ¼ 1), and subaortic stenosis (n ¼ 1). Left ventricular end-diastolic diameter ranged from 36 to 93 mm (mean, 59 AE 9 mm). Concomitant cardiac disease was present in 105 patients (Table 1 ). In the majority of cases, right/left fusion was seen (n ¼ 310; 87%); fusion of right and noncoronary cusps was present in 44 patients (12%), and left/noncoronary fusion was present in 3 patients (0.8%). Fusion was complete in 268 patients (75%) and partial in 89 patients (25%). The diameter of the basal ring varied from 23 to 40 mm (mean, 31 AE 4 mm).
Surgical Technique
The surgical technique remained generally constant over time and has been described. [8] [9] [10] All procedures were performed via a median sternotomy with aortic and right atrial cannulation. In acute dissection, the right axillary artery was used for arterial inflow. Antegrade blood cardioplegia was given for myocardial protection. A Dacron graft was tailored to accommodate the characteristics of the bicuspid root. Graft size was chosen according to body surface area of the patient, with 22 mm (n ¼ 5) or 24 mm (n ¼ 59) for less than 2 m 2 26 mm for 2 to 2.2 m 2 (n ¼ 273), and 28 mm (n ¼ 20) for body surface area greater than 2.2 m 2 . In the first 119 patients, the commissures of the nonfused cusp were placed at a 160 orientation. In the subsequent 238 patients, an orientation of approximately 180 (n ¼ 214) was chosen. In the instances with original orientation of less than 140 , a more tricuspid configuration was created at approximately 120 (n ¼ 24). In the initial 58 procedures, valve repair was eyeballed, assuming the nonfused cusp as reference for prolapse correction of the fused cusp. Since 2004, the configuration of the nonfused cusp has been ascertained by determining the effective height. 12 If this was less than 9 mm (n ¼ 261), prolapse was assumed and central plication sutures were applied to achieve an effective height of 9 to 10 mm. The fused cusp was aligned with the nonfused; prolapse was then treated by central plication sutures (n ¼ 226). Triangular resection of raphe tissue was performed in the presence of dense fibrosis or calcification (n ¼ 83). The fused cusp was augmented by an autologous pericardial patch if the extent of triangular resection did not allow for direct approximation of cusp tissue (n ¼ 22) or in case of cusp retraction (n ¼ 5). Autologous patch insertion was used for closure of perforations (n ¼ 2) or fenestrations (n ¼ 10). In 132 procedures, no annular stabilization was added; in these, subcommissural plication was added in 10 procedures. Since 2009, a suture annuloplasty has been added (n ¼ 225) using braided polyester (n ¼ 50) or expanded polytetrafluoroethylene (n ¼ 175). It was tied around a 23-mm (n ¼ 55) or 25-mm (n ¼ 170) Hegar dilator. The concomitant procedures usually were performed first, to be followed by root replacement. Since 2004, repair of the BAV has been performed after root remodeling was completed (Video 1).
Follow-up
All patients underwent intraoperative transesophageal echocardiography (Sequoia; GE, Boston, Mass). Postoperatively, all patients were studied before discharge, at 3 months, at 1 year, and yearly thereafter. Systolic aortic valve function was determined using continuous-wave Doppler. Peak and mean systolic gradients were determined. Diastolic function was determined by continuous-wave and color Doppler with semiquantification of AR as I, II, II, or IV. 13 First occurrence of AR grade I, II, or III was defined as the event when it was diagnosed for the first time.
Statistical Analysis
Descriptive statistics are presented as mean AE standard deviation. The date of first occurrence of AR grade I, II, or III was recorded for time-toevent calculation. Differences between continuous variables were compared by analyses of variance with post hoc testing by the Scheff e test. Categoric data were compared using the chi-square test. Cumulative incidences for reoperation, aortic stenosis (both accounted for mortality), and AR grade II (accounted for mortality, AR I, and AR III) were estimated in the framework of competing risks. Associations of effective height measurement (no vs yes), primary indication (AR vs aneurysm), graft size (26 mm vs 24/28 mm), degree of fusion (partial vs complete), calcification (no vs yes), use of a pericardial patch (no vs yes), and annuloplasty (no vs yes) with respect to time to reoperation were assessed in the framework of competing risks. 14, 15 All models were adjusted for the patient's age, sex (male vs female), degree of fusion (complete vs partial), and presence of calcium (yes vs no) unless otherwise stated. All data were analyzed using IBM SPSS Version 20 and R Version 3.3.1 (cmprsk package) (IBM, New York, NY).
RESULTS
Duration of myocardial ischemia ranged from 36 to 190 minutes (mean, 70 AE 16 minutes) and 67 AE 13 minutes for isolated cases without concomitant procedures. Mean time of extracorporeal circulation was 95 AE 26 minutes. Two patients died in hospital for a mortality of 0.6%. The causes of death were subarachnoid hemorrhage (n ¼ 1) and stroke (n ¼ 1). Reexploration for hemorrhage was necessary in 5 patients, and in 1 patient, pacemaker implantation for postoperative atrioventricular block was required. Fourteen patients died beyond hospital discharge between 1 and 157 months postoperatively. Of those patients, 8 died of noncardiac reasons, and cardiac
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AR ¼ aortic regurgitation BAV ¼ bicuspid aortic valve HR ¼ hazard ratio causes were present in 6. Survival at 10 and 15 years was 89% and 81%, respectively. There was a higher proportion of competent aortic valves at the time of discharge with the use of an annuloplasty (82.6% vs 95.6%; P <.001). Mean peak gradients ranged from 2 to 40 mm Hg with a mean of 11 AE 6 mm Hg. There was a difference in peak gradient depending on the postoperative commissural orientation (120 : 7.4 AE 3.8 mm Hg; 160 : 11.4 AE 6.9 mm Hg; 180 : 11.1 AE 5.8 mm Hg). The difference between 120 and 160 or 180 was significant (P <.05).
Cumulative incidence of reoperation was 12.3% at 10 years and 21.7% at 15 years ( Figure 2 ). Valve function remained constant in the majority of patients. Recurrent AR II developed over time in 37 patients, which progressed to relevant AR in 21 patients. At 10 and 15 years, the cumulative incidence of AR II was 12.3% and 17.1%, respectively (Figure 3 ). In 15 patients, an increase of mean systolic gradient was observed over time; this progressed to relevant aortic stenosis in 6 patients requiring reoperation between 66 and 182 months postoperatively. In 3 of these patients, calcium beyond the raphe was present at the time of initial surgery (5.9%). In the remaining 3 patients, no calcification had been present (1.0%; P ¼ .014). Cumulative incidence of relevant aortic stenosis after 10 and 15 years was 4.3% and 8.8%, respectively ( Figure 4) . Endocarditis was observed and treated conservatively in 2 patients; it required early surgical treatment for progressive infection despite medical treatment in 1 patient. Reoperation became necessary for recurrent AR in 24 patients, as a consequence of endocarditis in 3.
Adjusted subdistributional hazard ratios (HRs) from multiple regression analysis in the framework of competing risks suggest statistically significant associations of aortic valve calcification (subdistributional HR, 4.34; 95% confidence interval, 1.69-11.16; P ¼ .002), and use of a pericardial patch for partial cusp replacement (subdistributional HR, 4.00; 95% confidence interval, 1.65-9.66; P ¼ .002) with respect to time to reoperation (Table 2) . Cause-specific Cox proportional hazard regression models yielded qualitatively similar results. 
DISCUSSION
BAV anatomy constitutes a relevant health burden, both due to the valvular complications and the associated aortopathy. 1 Because of the association of valve dysfunction and aortic dilatation or its consequences, a relevant proportion of affected individuals will require combined treatment of aorta and aortic valve. The affected individuals generally are younger than those who require treatment for acquired aortic valve disease, as shown by the mean of 49 years in the current analysis. This has implications on life expectancy, lifestyle, and the long-term consequences of surgery. The traditional treatment of combined aortic and valve disease has been replacement of the valve and aorta, as composite replacement, 16 or, in some instances, as separate valve and aortic replacement. In younger patients, this will imply the use of a mechanical prosthesis with its known valve-related complications. 17, 18 Older patients may be well treated with a biologic substitute; nevertheless, there is an increased risk of prosthetic valve endocarditis, and the limited durability does not make it an ideal choice for younger individuals.
Thus, preservation or repair of the regurgitant BAV seems to be an attractive alternative to replacement. In a retrospective study, 19 the incidence of valve-related complications has been lower compared with other investigations of valve replacement. On the other hand, repair commonly leaves the BAV in its bicuspid form and only corrects the secondary deformations that occurred over time. Conversion of the BAV into a tricuspid aortic valve has been limited in its applicability and midterm durability. 20 Repair has been associated with limited durability, in part related to anatomic factors. 9 Finally, it has been proposed that the bicuspid valve will fail because of its design, and the only question would be at what point in time it would require replacement. 11 We have initially been stimulated by the early results of Cosgrove and colleagues 21 in repairing the BAV with good results. To treat the combination of root dilatation and BAV, we have combined the principles of aortic valve repair and root remodeling, modifying the established technique of root remodeling to accommodate the anatomic characteristics of the root in BAV. 8 In the first 10 years, we tried to imitate the given commissural orientation, in most instances with an angle of the nonfused commissures of 160
. 22 The initial results were positive; however, we did learn through failures that cusp prolapse may be induced by reducing intercommissural distance as part of aortic replacement. 23 Valve function was markedly improved with the introduction of the effective height concept. 12, 24 On the basis of excellent midterm stability for BAV repair combined with root remodeling, 9 this approach is chosen whenever the root exceeds 42 to 45 mm. Thus, we are slightly more aggressive than current guidelines 5 with the indication for root replacement.
Further experience showed that valve durability in bicuspid valves was influenced by commissural orientation. 9 This stimulated us to change commissural orientation as part of root replacement by creating 2 symmetric tongues, thus moving toward a 180 orientation in the majority of cases. We have recently found that this change in commissural orientation may improve not only durability but also systolic gradients in isolated aortic valve repair. 25 This concept may not be ideal when the original orientation is less than 140 ; in this setting, the tissue of the nonfused cusp probably does not allow creation of a close to symmetric BAV. Therefore, we have started to explore an orientation that resembles a tricuspid aortic valve in the past years. Because annular dilatation was a risk factor for failure in our early experience with BAV repair, we also added a suture annuloplasty to root replacement. 26 The early results of this modified approach were promising in that the proportion of completely competent aortic valves could be increased significantly. 27 Although no negative consequences of this modification were observed with polytetrafluoroethylene as annuloplasty material, the question remains whether the addition of an annuloplasty improves valve durability. In addition, it is unclear whether an improvement in systolic aortic valve function through a more symmetric orientation of the commissures can be achieved if valve repair is combined with root remodeling.
Thus, the objective of the current investigation was to clarify whether long-term aortic valve function can be achieved using BAV repair and root remodeling. In addition, we sought to determine whether commissural orientation and the addition of an annuloplasty have an effect on midterm aortic valve function.
To our knowledge, the current results comprise one of the largest series with root replacement and repair of a BAV in an unselected patient population. The proportion of patients with relevant AR (74%) was high, and almost all patients required correction of cusp prolapse. Despite the need for concomitant surgery on the aortic arch, coronary arteries, or mitral valve, the early morbidity and mortality were low.
With follow-up now reaching 20 years, we have seen stable aortic valve function in the majority of cases. A cumulative incidence of reoperation of 22% at 15 years probably translates into a mean durability of more than 20 years, which is better than that of bioprostheses in this age group. If reoperation is necessary, it is technically straightforward and simply consists of excising the native valve and implanting a stented prosthesis. As observed previously, the incidence of endocarditis has been low, that is, 0.3% per patient per year. The probability of developing relevant aortic stenosis has been low in the first 15 years after repair. With the finding of calcific plaques being a strong predictor for development of later stenosis, patient selection probably should take this aspect into consideration in the future. Despite this concern, many of the valves with some plaques are still functionally adequate, and further careful follow-up will be necessary to determine the exact role of this observation.
Reoperation mostly has been necessary for recurrent regurgitation. We have been particularly impressed by the negative implications of adding an autologous pericardial patch for partial cusp replacement. Although this maneuver is technically not demanding and early results have been good, degeneration (ie, dehiscence or calcification) of the pericardium has occurred in an unpredictable manner. Both the need to use pericardial patch insertion as partial cusp replacement (mostly after excision of a calcified raphe) and the presence of calcific plaques on the cusps beyond the raphe have been the most important predictors of valve failure. Therefore, we currently recommend to abstain from using pericardial patches for partial cusp replacement in BAV repair.
At this time, we have not seen a positive result of the added annuloplasty. Also, the modification of commissural orientation has not yet shown an effect on valve function or durability. Although the symmetric configuration does seem to improve the mobility of the fused cusp, this seems to have no effect on global systolic valve function. Further follow-up will be necessary to analyze these details further.
Study Limitations
The current analysis does have a number of limitations. It is a single-center study with retrospective analysis, although the data were collected prospectively. We have not attempted to compare the results of remodeling with those of other variants of valve-preserving root replacement in the context of BAV. Thus, we cannot conclude whether remodeling is equal or superior to other techniques. On the other hand, the clinical results have been good, and myocardial ischemia has been lower than what has been reported for valve reimplantation. Further follow-up will be necessary to determine the true long-term results to analyze whether the current trend of valve stability holds true with more individuals beyond 15 years postoperatively. Of the modifications introduced over time, probably the most important was the effective height concept to facilitate correction of valve configuration. The follow-up with these operations now reaches 12 years, and we hope that 15-year stability will improve when the patients treated in such a way pass the 15-year mark. Longer follow-up will be necessary to investigate the role of the more recent modifications, that is, commissural orientation and addition of annuloplasty.
CONCLUSIONS
Repair of the BAV combined with root remodeling leads to excellent 10-and 15-year results. The durability is good; limited cusp calcification at the time of surgery is associated with an increased risk of developing stenosis within 15 years postoperatively. The need for partial cusp replacement with pericardium is the strongest predictor of valve failure and probably should be avoided in the future.
